Apart from acute graft-versus-host disease (aGVHD), severe infectious complications and a relapse of malignant disease threatens patients after allogeneic bone marrow (BM) transplantations. 1 Allogeneic T cells contained in the graft cause, on the one hand, aGVHD, but, on the other hand, they also control opportunistic infections, improve engraftment of hematopoietic stem cells, and mediate the graft-versus-tumor (GVT) effect, 2 in many instances believed to be a prerequisite for cure from leukemia or lymphoma. 1,3 However, standard treatment regimens for aGVHD mainly consist of immunosuppressive drugs, such as cyclosporine A, which not only suppress aGVHD but also mitigate the GVT response and prolong the period of severe immunodeficiency. 1 A promising novel approach for the prevention of aGVHD consists of enriching the graft for CD4 ϩ CD25 ϩ Foxp3 ϩ regulatory T cells (T reg cells) before transplantation. [4] [5] [6] When present in sufficient numbers T reg cells have been shown to deprive conventional T cells (T conv cells) of cytokines such as interleukin-2 (IL-2), 7-9 which induces apoptosis in T conv cells 7 and enhances the production of anti-inflammatory cytokines such as IL-10 by the T reg cells. 9,10 Moreover, interaction of CD152 (CTLA-4) expressed by T reg cells with B7 molecules expressed by T conv cells or antigenpresenting cells is another crucial mechanism by which T reg cells mediate suppression. [11] [12] [13] [14] With regard to aGVHD, T reg cellmediated protection from aGVHD is particularly attractive, because it does not abrogate the GVT response. [15] [16] [17] To achieve protection from aGVHD by T reg -cell enrichment, T reg cells need to be transplanted at approximately a 1:1 ratio with T conv cells 6 ; that is, in relation to T conv cells, the T reg cells must be enriched by a factor of 5 to 25, depending on species and organ used for isolation of the CD4 ϩ T cells. Therefore, protocols have been developed for in vitro expansion of purified T reg cells.
Introduction
Apart from acute graft-versus-host disease (aGVHD), severe infectious complications and a relapse of malignant disease threatens patients after allogeneic bone marrow (BM) transplantations. 1 Allogeneic T cells contained in the graft cause, on the one hand, aGVHD, but, on the other hand, they also control opportunistic infections, improve engraftment of hematopoietic stem cells, and mediate the graft-versus-tumor (GVT) effect, 2 in many instances believed to be a prerequisite for cure from leukemia or lymphoma. 1, 3 However, standard treatment regimens for aGVHD mainly consist of immunosuppressive drugs, such as cyclosporine A, which not only suppress aGVHD but also mitigate the GVT response and prolong the period of severe immunodeficiency. 1 A promising novel approach for the prevention of aGVHD consists of enriching the graft for CD4 ϩ CD25 ϩ Foxp3 ϩ regulatory T cells (T reg cells) before transplantation. [4] [5] [6] When present in sufficient numbers T reg cells have been shown to deprive conventional T cells (T conv cells) of cytokines such as interleukin-2 (IL-2), [7] [8] [9] which induces apoptosis in T conv cells 7 and enhances the production of anti-inflammatory cytokines such as IL-10 by the T reg cells. 9, 10 Moreover, interaction of CD152 (CTLA-4) expressed by T reg cells with B7 molecules expressed by T conv cells or antigenpresenting cells is another crucial mechanism by which T reg cells mediate suppression. [11] [12] [13] [14] With regard to aGVHD, T reg cellmediated protection from aGVHD is particularly attractive, because it does not abrogate the GVT response. [15] [16] [17] To achieve protection from aGVHD by T reg -cell enrichment, T reg cells need to be transplanted at approximately a 1:1 ratio with T conv cells 6 ; that is, in relation to T conv cells, the T reg cells must be enriched by a factor of 5 to 25, depending on species and organ used for isolation of the CD4 ϩ T cells. Therefore, protocols have been developed for in vitro expansion of purified T reg cells.
The protocols used so far rely on a very high purity of the T reg -cell preparation because contaminating T conv cells grow better than T reg cells upon stimulation with, for example, anti-CD3 and anti-CD28 mAb-coated beads and recombinant IL-2. 18 Therefore, these protocols would ideally be substituted by in vitro conditions, which allow for preferential activation and expansion of T reg cells without the need for tedious T reg -cell purification and long-term in vitro culture.
One way for achieving this goal is the use of superagonistic monoclonal anti-CD28 antibodies (CD28-SA) that preferentially activate and expand T reg cells both in vivo and in vitro. [19] [20] [21] Therefore, we either pretreated donor mice in animal models of aGVHD and GVT responses with a mouse anti-mouse CD28-SA in vivo or added the CD28-SA to total lymph node (LN) cell suspensions in vitro to activate and expand T reg cells before transplantation of purified T cells into allogeneic recipient mice. The latter approach with human peripheral blood mononuclear cells as starting material may bear clinical potential because it avoids the in vivo use of anti-human CD28-SA, for which there is at present no safe protocol. 22 
Methods

Animals
CD90.1-congenic C57BL/6 mice were bred at the animal facility of the Institute for Virology and Immunobiology, University of Würzburg. C57BL/ 6.OlaHsd BM donors and BALB/c.OlaHsd hosts for aGVHD experiments were obtained from Harlan-Winkelmann. C57BL/6 and C57BL/6.CD90.1-congenic mice were used for experiments between 6 and 12 weeks of age. BALB/c mice were irradiated at the age of 9 to 10 weeks. All experiments were performed according to the Bavarian state regulations for animal experimentation and approved by the Regierung von Unterfranken as the responsible authority.
Fluorescence-activated cell sorting
The following monoclonal antibodies were used: anti-CD4 Alexa Fluor 647, anti-CD8 PE-Cy5, anti-CD25 FITC (fluorescein isothiocyanate) or biotin, anti-CD90.1 PE (phycoerythrin) or biotin, anti-CD90.2 biotin, anti-B220 Alexa Fluor 647, anti-I-A b biotin, anti-IFN␥ PE, annexin V PE (all BD PharMingen), anti-Foxp3 PE or PE-Cy5 (eBioscience), unconjugated anti-BCL 1 idiotype (clone Mc106A5), d␣rat Ig PE (Dianova).
Stainings were performed with up to 10 6 cells in 50 L phosphatebuffered saline (PBS)/0.1% bovine serum albumin/0.02% NaN 3 . Fc␥RII/III receptors were blocked by incubation with saturating amounts of cell culture supernatant of the clone 2.4G2. Fluorochrome-conjugated or biotinylated mAbs were added after blocking (15 minutes, 4°C). Bound biotinylated antibodies were detected by incubation with either PE-Cy5 or allophycocyanin-conjugated streptavidin (BD PharMingen). The cells were analyzed on a FACSCalibur flow cytometer with the use of Cell Quest software (all Becton Dickinson). For further analyses of the data, either Cell Quest or FlowJo (TreeStar Inc) software was used. Dot plots and histograms are shown as log 10 fluorescence intensities on a 4-decade scale.
For intracellular staining of Foxp3, cells labeled with antibodies at the cell surface were fixed for 30 minutes at room temperature with fixation buffer (eBioscience) before permeabilization (permeabilization buffer; eBioscience). The cells were blocked with rat serum before staining with anti-Foxp3 mAb for 30 minutes at room temperature. To determine IFN␥ expression, splenocytes were first restimulated with phorbol myristate acetate/ionomycin (5/500 ng/mL; Sigma-Aldrich Chemie GmbH) for 4 hours in the presence of GolgiPlug (1:1000; BD) during the last 2 hours of culture. Cells were then stained intracellularly for IFN␥ and Foxp3 expression in parallel.
aGVHD experiments and tracking of allo-T-cell responses in vivo
BALB/c mice were conditioned for transplantation by total body irradiation with 8 Gy as a single dose. The mice were assigned to the different experimental groups so that the average body weight before irradiation was about the same in all groups. To prevent bacterial infections, animals were given Neomycin (250 g/mL; Sigma-Aldrich Chemie GmbH) and Polymyxin B Sulfate (3 U/mL; Sigma-Aldrich Chemie GmbH) in drinking water, starting 3 days before irradiation until day 28 after transplantation.
Approximately 24 hours after irradiation the mice received 10 7 T celldepleted (TCD) BM cells from C57BL/6 mice and 10 6 CD4 ϩ or 8 ϫ 10 5 CD4 ϩ CD25 Ϫ peripheral T cells from CD90.1-congenic C57BL/6 mice intravenously. To obtain TCD BM cells, erythrocytes were lysed from total BM preparations by incubation with TAC buffer (20 mM Tris, 155 mM NH 4 Cl, pH 7.2, 10 minutes, room temperature), then FcRs were blocked with 20 g/mL normal mouse Ig (Sigma-Aldrich Chemie GmbH) before T cells were depleted using magnetic-activated cell sorting anti-CD90.2 beads (Miltenyi Biotec Inc) and magnetic-activated cell sorting separation columns according to the manufacturer's instructions. T-cell depletion was approximately 95% on average. CD4 ϩ T cells were purified from erythrocyte-lysed splenocytes with average purities of 90% by negative magnetic selection of cells expressing CD8␣, CD11b, B220, CD49b, and/or Ter-119 (Miltenyi Biotec Inc). CD25 ϩ cells were depleted either by directly adding a biotinylated anti-CD25 antibody to the other lineage markers or by staining CD4 ϩ cells with anti-CD25 FITC followed by anti-FITC beads (Miltenyi Biotec Inc).
For in vivo preactivation of T reg cells, the superagonistic mouse/antimouse CD28 mAb D665 23 (mIgG 1 , endotoxin Ͻ 0.01 EU/g; Serotec) was applied at a dose of 250 g/mouse in 250 L PBS intraperitoneally 3 days before isolation of splenic CD4 ϩ cells. Control treatment consisted of either 250 g/mouse MOPC-31C (mIgG 1 ) or PBS only.
To test for the suppressive activity of T reg cells from PBS-or CD28-SA-treated donors in vivo, pooled spleen/LN cell suspensions were used to magnetically purify CD4 ϩ CD25 ϩ T reg cells (80% Foxp3 ϩ ).
In vitro preactivation was performed using total LN cell suspensions of C57BL/6.CD90.1-congenic mice cultured at 2 ϫ 10 6 cells/mL in RPMI 1640 medium (PAA) supplemented with 10% heat-inactivated fetal calf serum, 1 mM sodium pyruvate, nonessential amino acids, 100 U/mL penicillin and 100 g/mL streptomycin, 30 M mercaptoethanol, and 2 mM L-glutamine (all Invitrogen) with the D665 mAb added in solution (40 g/mL). In parallel cultures LN cells depleted of CD25 ϩ cells were mixed with CD4 ϩ CD25 ϩ LN cells from C57BL/6 mice to substitute for the depleted T reg cells. After 4 days in culture, CD4 ϩ T cells were isolated using magnetic separation columns. When added, C57BL/6 T reg cells were depleted by magnetic labeling of CD90.2 T reg cells (66% depletion of Foxp3 ϩ cells). As further controls CD4 ϩ cells were also isolated from freshly prepared LN cells.
In short-term in vivo experiments CD90.1 ϩ CD4 ϩ T cells were labeled with CFSE (carboxyfluorescein succinimidyl ester diacetate; 2.5 or 5 M; MoBiTec) and 4 or 7 ϫ 10 6 CD4 ϩ or CD4 ϩ CD25 Ϫ T cells were transferred intravenously. Absolute numbers of donor CD4 ؉ Foxp3 Ϫ T cells in secondary lymphoid organs and liver 3 and 6 days after transplantation were calculated by multiplying the absolute cell numbers per organ with the percentages of cells as determined by fluorescence-activated cell sorting analysis.
Observers blinded to the treatment measured body weight and scored clinical appearance of the animals every other day as follows (scores in parentheses) 24 : weight loss was less than 10% (0), greater than 10% to less than 25% (1), or greater than 25% (2); posture was normal (0), hunching noted only at rest (1), or severe hunching impairs movement (2); activity was normal (0), mildly to moderately decreased (1), or stationary unless stimulated (2); fur texture was normal (0), mild-to-moderate ruffling (1), or severe ruffling/poor grooming (2); skin integrity was normal (0), scaling of paws/tail (1), or obvious areas of denuded skin (2) . At each observation time values were added to obtain 1 cumulative clinical scoring value per animal. Mice with less than 70% of the initial body weight for more than 2 days were humanely killed. Alternatively, animals were killed independently of their body weight to prevent severe suffering as indicated by their overall clinical appearance.
BCL 1 lymphoma model
Irradiated BALB/c mice were injected with 3 ϫ 10 3 freshly thawed BCL 1 lymphoma cells 4 hours before transfer of TCD BM cells and, when applicable, also magnetically purified whole T cells from spleen or LNs (92% purity on average). For in vivo T reg -cell activation, donor C57BL/ 6.CD90.1-congenic mice received 250 g D665 in 250 L PBS intraperitoneally 3 days before isolation of the T cells from total splenocytes. In vitro, T cells were isolated from cell suspensions prepared from LNs of C57BL/ 6.CD90.1-congenic mice and cultured for 4 days in the presence of D665 (80 g/mL). Whenever possible, splenocytes of humanely killed animals were analyzed for the prevalence of BCL 1 cells by staining with the anti-BCL 1 idiotype mAb Mc106A5. The lymphoma was rated as "end stage" when both greater than 75% of all splenocytes stained positive with Mc106A5 mAb and the number of BCL 1 cells in the spleen exceeded 10 7 .
In vivo killing assay
Six days after BCL 1 , TCD BM and, when applicable, T-cell transplantation, recipient BALB/c mice were inoculated with a mixture of CFSE-labeled indicator cells: 2 ϫ 10 6 BCL 1 cells, 10 6 freshly purified BALB/c B cells, and 10 6 freshly purified C57BL/6 B cells. Fresh C57BL/6 and BALB/c B cells were obtained by negative magnetic depletion of pooled splenocytes and LN cells from CD90.2 ϩ cells (Ն 85% B220 ϩ CD3 Ϫ ). Sixteen hours after the indicator cell transfer, the spleens of recipient mice were analyzed for the prevalence of all 3 subsets of indicator cells by counterstaining for BCL 1 idiotype and I-A b expression and gating on CFSE ϩ cells. In addition, absolute cell numbers of the progeny of the initially transplanted T cells isolated from either PBS-or D665-treated animals were calculated, based on the total number of splenocytes retrieved and the frequencies of CD90.1 ϩ CD8 ϩ and CD90.1 ϩ CD8 Ϫ cells as determined by fluorescenceactivated cell sorting analysis.
Histology
Formalin-fixed small and large bowel sections (5 m) were stained with hematoxylin and eosin, and an observer blinded to the prior treatment evaluated the histopathologic changes (adapted from Hill et al 25 and Cooke et al 26 ) for the small bowel of lamina propria lymphocytic infiltrate, villous blunting, luminal sloughing of cellular debris, and outright crypt destruction, and for the large bowel of lamina propria lymphocytic infiltrate, mucosal ulceration, and outright crypt destruction. The severity of pathologic changes was graded as follows (scores in parentheses): normal (0), focal and rare (0.5), focal and mild (1), diffuse and mild (2), diffuse and moderate (3), or diffuse and severe (4) . Scores were cumulated into a single value per animal.
Statistics
Summary graphs were generated with Excel 11.3.5 (Microsoft), and P values are the results of 2-tailed Student t tests, assuming equal variance within groups except for the statistical testing of long-term survival, whereby a 2 test (GraphPad Prism 4.0c; GraphPad Software Inc) was used. Repeated-measures ANOVA testing (GraphPad Prism 4.0c) was used as indicated. P values less than .05 were considered statistically significant.
Results
Polyclonal T reg -cell activation protects from aGVHD
To address whether polyclonal activation of donor T cells with a CD28-SA would reduce the severity of aGVHD, we transplanted TCD BM cells from C57BL/6 mice and CD4 ϩ T cells from CD90.1-congenic C57BL/6 donor mice treated either with a mouse anti-mouse CD28-SA or with PBS into lethally irradiated BALB/c recipient mice. Although all recipients of CD4 ϩ T cells from PBS-treated donors had to be humanely killed by day 9 ( Figure  1A) , recipients of CD4 ϩ T cells from CD28-SA pretreated donors only transiently underwent aGVHD ( Figure 1B ) and survived until the end of the observation period ( Figure 1A ). Depletion of CD25 ϩ , that is, Foxp3 ϩ T reg cells, before transplantation ( Figure 1C ) rendered CD4 ϩ T cells of CD28-SA pretreated mice almost as pathogenic as those of PBS-treated donors ( Figure 1A-B) . Histologic sections of samples from the aGVHD target organs, small and large bowels, taken on day 6 after T-cell transplantation showed that the protection from clinical signs of aGVHD by CD28-SA pretreatment of donor mice was paralleled by reduced lymphocytic infiltrates into the lamina propria accompanied by less destruction of the gut architecture ( Figure 1D-E) . Therefore, polyclonal preactivation of donor T cells by a CD28-SA in vivo efficiently protected T-cell recipients from aGVHD both clinically and with respect to aGVHD-associated histopathologic changes.
Secondary expansion of polyclonally activated T reg cells after transfer into the allogeneic host maintains a beneficial T reg cell/T conv cell ratio
Although the preactivation and expansion of donor T cells by CD28-SA treatment in vivo greatly increases the ratio of T reg cells to T conv cells ( Figure 1C ), the degree of proliferation of T reg cells versus T conv cells after transplantation into the allogeneic host determines whether this beneficial bias toward the T reg cells will be maintained. Therefore, we analyzed the proliferative history of donor T reg cells and T conv cells labeled with the fluorescent dye CFSE 6 days after transfer into BALB/c recipients. CD28-SApreactivated T reg cells strongly proliferated after transfer into allogeneic hosts as did T reg cells from PBS-treated mice, both indicated by CFSE dye dilution among Foxp3 ϩ donor CD4 ϩ T cells (Figure 2A ). Despite preactivation, the T reg cells, however, did not suppress the proliferation of Foxp3 Ϫ conventional donor T cells (Figure 2A) . Still, T reg -cell frequencies remained increased among CD4 ϩ T cells from CD28-SA-versus PBS-treated donors re-isolated from the spleens, LNs and the livers, another aGVHD target organ, of recipient mice on days 3 and 6 after transplantation ( Figure 2B ) and even on day 78 (N.B. and T.K., unpublished data, September 2006).
To determine whether T reg cells from CD28-SA-treated donors were not only higher in frequencies but also more suppressive on a per cell basis than T reg cells from PBS-treated mice, we cotransferred purified T reg cells from PBS-or CD28-SA-injected mice together with CD4 ϩ CD25 Ϫ T cells from PBS-treated mice into irradiated BALB/c recipients ( Figure 2C ). In contrast to other in vivo models 27 and in vitro results, 19, 21, 27 T reg cells from CD28-SAinjected donors were only in tendency more potent in mediating protection from aGVHD in vivo than T reg cells from PBS-treated mice ( Figure 2C ).
CD28-SA treatment of donor mice, thus, did not increase the suppressive activity of T reg cells for aGVHD, but the vivid Although CD28-SA-preactivated T reg cells did not suppress the proliferative response of pathogenic T conv cells (Figure 2A) , a closer analysis of the CFSE dye dilution profiles 3 days after transplantation indicated that fewer T conv cells had entered the cell cycle or that the cycled cells did not accumulate as well as in the absence of CD28-SA preactivation ( Figure 3A-B) . In line with this observation we recovered lower absolute numbers of donor CD4 ϩ T conv cells from recipient mice 3 days ( Figure 3C ) and, at least in LNs, also 6 days after transplantation ( Figure 3D ) when we had treated the donor mice with the CD28-SA compared with PBS. Apart from the accumulation of T conv cells, CD28-SA treatment For personal use only. on April 13, 2017. by guest www.bloodjournal.org From also interfered with the differentiation of T conv cells to IFN␥-producing effector T cells ( Figure 3E) .
A reduced accumulation of donor T conv cells in the presence of preactivated T reg cells might be a consequence of increased apoptosis because of T reg cell-mediated withdrawal of cytokines such as IL-2 from proliferating T conv cells. 7 Indeed, we detected a higher frequency of annexin V ϩ cells among postmitotic T conv cells in the presence of CD28-SA-activated T reg cells versus nonactivated T reg cells ( Figure 3F ). Because IL-2 induces the expression of CD25, the ␣ chain of its high-affinity receptor, in an autocrine loop, reduced CD25 expression by T conv cells in the presence of CD28-SA-preactivated T reg cells ( Figure 3G ) suggested that cytokine withdrawal might at least in part also contribute to the immunomodulatory activity of preactivated T reg cells. Thus, CD28-SA stimulation of donor T cells mediated protection from aGVHD by inhibiting both the accumulation and the effector cell differentiation of conventional donor CD4 ϩ T cells.
T cells maintain antilymphoma activity after in vivo pretreatment of donor mice with a CD28-SA
Long-term survival of patients with hematologic malignancies receiving an allogeneic BM transplant strongly depends on the eradication of residual tumor cells because of the GVT effect mediated by allogeneic T cells contained in the graft. Therefore, we inoculated BALB/c mice with BCL 1 lymphoma cells 28 followed by therapeutic transplantations of BM cells together with total, that is, CD4 ϩ and CD8 ϩ , T cells from either PBS-or CD28-SA-treated donor mice to see whether T cells from CD28-SA-treated mice were capable of mounting a curative GVT response.
When we transplanted 10 6 T cells from CD28-SA-treated mice, 58% of recipient mice survived long term ( Figure 4A ) with none of the mice analyzed showing a high prevalence of idiotype-positive BCL 1 lymphoma cells in postmortem analyses of splenocytes ( Figure 4C ). In contrast, recipients of whole T cells from PBStreated donors more rapidly died of aGVHD than did the animals treated with TCD BM cells only who developed end-stage BCL 1 lymphoma approximately 3 weeks later ( Figure 4A,C) . Ten-fold less T cells from PBS-treated control mice did not induce premature death from aGVHD and still protected the mice from the BCL 1 lymphoma, allowing for long-term survival of 42% of the recipient BALB/c mice ( Figure 4B ). As with the high dose, T cells from CD28-SA-treated donors also did not induce premature death from aGVHD when the low dose of cells was transferred and still mediated some degree of protection form the BCL 1 lymphoma, leading to long-term survival of 33% of the mice compared with 8% in the group treated solely with TCD BM cells ( Figure 4B) .
In comparison to mice receiving the high dose of CD28-SAactivated T cells, protection from aGVHD was not enhanced in animals treated with the low T-cell dose ( Figure 4B ). This seeming paradox might be explained by a delayed killing of BCL 1 cells in mice receiving 10 5 T cells compared with mice treated with 10 6 T cells. This delayed killing, in turn, might have added further momentum to aGVHD because BCL 1 cells, like endogenous antigen-presenting cells, 29 also carry T cell-activating alloantigens.
Polyclonal activation of T cells in vivo, thus, greatly increased the therapeutic window for successful immunotherapy of the BCL 1 lymphoma with allogeneic T cells by reducing aGVHD severity, while maintaining anti-BCL 1 lymphoma activity.
Specific killing of alloantigen-expressing target cells by T cells from CD28-SA-treated donors
The long-term survival of BCL 1 lymphoma-bearing BALB/c mice receiving T cells from CD28-SA-treated donors suggested that a specific immune response against alloantigen-expressing cells, including the BCL 1 cells, had arisen in these animals. To assess whether this was, indeed, the case we injected CFSE-labeled alloantigen-expressing BCL 1 and freshly isolated BALB/c B cells, as well as alloantigen-nonexpressing C57BL/6 B cells into BALB/c recipient mice 6 days after transplantation of C57BL/6 T cells ( Figure 5A ). As for the long-term experiments we also used mice that had only been treated with TCD BM cells to control for the effects of the donor T cells.
We observed a similar degree of killing of alloantigenexpressing target cells by T cells from either PBS-or CD28-SAtreated donors (Figure 5B-C) . In comparison to mice without T-cell transplantation, the odds ratios of BCL 1 cells and freshly isolated BALB/c B cells, both carrying the alloantigen H-2 d , to freshly isolated alloantigen-negative C57BL/6 B cells, were reduced to a similar degree in the presence of T cells from either PBS-or CD28-SA-treated donors ( Figure 5B-C) . This similar degree of killing was achieved without a significant difference in the absolute numbers of donor-derived CD8 Ϫ and CD8 ϩ T cells from both groups (Figure 5D ), indicating that on a per cell basis T cells from PBS-and CD28-SA-treated donors carried equal cytotoxic potential. This is in line with the notion that it was the alloantigenspecific immune response, which allowed for elimination of the BCL 1 lymphoma and long-term survival of animals transplanted with T cells from CD28-SA-treated donors.
Short-term in vitro activation of allogeneic T cells with a CD28-SA protects from aGVHD while maintaining GVT activity
Although in vivo applications of superagonistic anti-CD28 mAbs into both rats and mice are very well tolerated, there is of yet no safe protocol for polyclonal T reg -cell activation with a CD28-SA in humans. Therefore, we attempted to substitute the in vivo treatment of donor mice for polyclonal T reg -cell activation by performing in For personal use only. on April 13, 2017. by guest www.bloodjournal.org From vitro stimulations of unseparated LN cells from C57BL/6.CD90.1-congenic mice with the anti-mouse CD28-SA.
Four days of culture in the presence of the CD28-SA increased the frequency of Foxp3 ϩ cells from 14% among freshly isolated LN CD4 ϩ cells to 41% among cultured CD4 ϩ cells ( Figure 6A ). With respect to absolute numbers, T reg cells were increased by approximately 40%, whereas T conv cells were decreased by approximately 60% (N.B. and T.K., unpublished data, December 2007).
After CD28-SA stimulation, the T reg cells had an activated phenotype as indicated by increased expression of both Foxp3 ( Figure 6A ) and CD25 in comparison to freshly isolated cells ( Figure 6B) . Transfer of CD4 ϩ T cells purified from these LN cell cultures compared with freshly isolated CD4 ϩ T cells protected BALB/c recipient mice from aGVHD-associated lethality and clinical signs of the disease (Figure 6C-D) .
Upon in vitro stimulation with a CD28-SA, a significant subpopulation of T conv cells also expresses CD25, 20 which is not the case after in vivo treatment. 27 To be able to directly assess the role of in vitro-expanded T reg cells in the protection from aGVHD in vivo, we substituted the CD90.1 ϩ donor T reg cells with CD90.2 ϩ -congenic T reg cells before starting the LN cell culture. This allowed us to deplete the T reg cells before transplantation via the CD90.2 marker and, thus, independently of CD25 expression. Moreover, the congenic marking of the T reg cells showed that CD28-SA stimulation in vitro expanded preexisting T reg cells as among T reg cell-depleted CD4 ϩ cells only 14% were Foxp3 ϩ versus 41% among nondepleted CD4 ϩ cells ( Figure 6A ).
As for in vivo CD28-SA applications, depletion of T reg cells before transplantation abolished most of the protective effect of CD28-SA prestimulation ( Figure 6C-D) . Therefore, the preferential activation and expansion of Foxp3 ϩ T reg cells over conventional T cells during in vitro culture with a CD28-SA translated into T reg cell-mediated protection from aGVHD in vivo.
Finally, we used T cells after CD28-SA stimulation in vitro for adoptive therapy of mice bearing the BCL 1 lymphoma. Forty-two percent of mice receiving 5 ϫ 10 5 CD28-SA-stimulated T cells survived until the end of the observation period at day 122 ( Figure  6E ), whereas mice treated with TCD BM cells only succumbed to the BCL 1 lymphoma with a median survival time of 28 days and no long-term survivors ( Figure 6E ). Recipient mice treated with 5 ϫ 10 5 freshly isolated T cells developed terminal aGVHD 18 days earlier than the mice that received a transplant with TCD BM cells only ( Figure 6E ). Similar to the results obtained after CD28-SA stimulation in vivo ( Figure 4C ), lowering the number of transplanted T cells by 10-fold allowed for long-term survival of 17% of mice from both groups ( Figure 6F ). Because 2 of 7 mice and 5 of 8 mice, respectively, developed end-stage BCL 1 lymphoma after transfer of 5 ϫ 10 4 T cells ( Figure 6F ), we estimate that this T-cell number was already close to the lower limit for a curative antilymphoma response to occur.
Taken together, polyclonal activation of T cells by CD28-SA treatment of donor mice in vivo as well CD28-SA stimulation of unseparated LN cells in vitro greatly widened the therapeutic window for antilymphoma therapy with allogeneic T cells by preserving the GVT effect, on the one hand, and protecting mice from aGVHD, on the other hand.
Discussion
Immunotherapy with allogeneic T cells bears great potential not only for hematologic malignancies but also for solid tumors. 30 Allogeneic T-cell transplantation will, however, only be more widely applicable if aGVHD can be sufficiently controlled. Therefore, novel approaches like the one reported here with the use of a CD28-SA for polyclonal activation of T reg cells leading to efficacious protection from aGVHD in a mouse model are necessary for further clinical development of allogeneic T-cell therapy.
With respect to such clinical protocols for patients it was crucial that we could substitute the in vivo treatment of donor mice by in vitro culture of unseparated LN cells in the presence of the CD28-SA because the only clinically tested anti-human CD28-SA TGN1412 had caused a toxic cytokine storm during a first-in-man study. 22 Although the amount of cytokines released was much more pronounced after TGN1412 administration than after the treatment of mice or rats with a CD28-SA, data from a human/mouse xenograft model indicate that superagonistic anti-human CD28 stimulation can mediate preferential expansion of human T reg cells over T conv cells in vivo 31 and, possibly, also in vitro.
In contrast to the cytokine storm observed in humans, CD28-SAmediated preactivation of allogeneic T cells, either in vivo or in vitro, was highly efficient in preventing aGVHD in mice, which strongly depended on the presence of CD28-SA-activated CD4 ϩ CD25 ϩ Foxp3 ϩ donor T reg cells in the recipient animals. The preferential expansion of T reg cells further allowed us to leave the T reg cells untouched and, therefore, prevent loss of suppressive activity during T reg -cell purification. This appears to be all the more important because CD28-SA preactivation did not significantly increase the suppressive activity of T reg cells on a per cell basis. We hypothesize that the strong activation of T reg cells after transplantation into allogeneic hosts levels the differences in activation status of CD28-SA-stimulated versus "resting" T reg cells that are readily detectable in vitro 19, 21, 27 and in other disease models in vivo. 27 Protection from aGVHD after CD28-SA stimulation was, however, not only mediated by higher frequencies of T reg cells in the donor cell inoculum and/or a higher susceptibility of T conv cells to T reg cell-mediated suppression because we still observed some degree of protection from aGVHD when we had depleted CD25 ϩ cells before transplantation. This reduced capacity of CD28-SAstimulated T conv cells to induce aGVHD might be due to the suppressive effects exerted by T reg cells on the T conv cells during the prestimulation period with the CD28-SA in vivo 21 and/or due to the preactivation of the T conv cells as such. In line with the latter hypothesis, CD28-SA stimulation increased the frequencies of effector/memory-like CD62 low cells among CD4 ϩ Foxp3 Ϫ T cells (supplemental Figure 1 , available on the Blood website; see the Supplemental Materials link at the top of the online article), a phenotype associated with a reduced capacity to induce aGVHD. 32 In line with both hypotheses, T conv cells also showed a reduced propensity to secrete a proinflammatory mix of cytokines in vitro after CD28-SA treatment in vivo (supplemental Figure 1) .
Not quite unlike CD28-SA stimulation, adding rapamycin to anti-CD3/anti-CD28-stimulated T cells in vitro also increases the frequency of Foxp3 ϩ T reg cells among CD4 ϩ T cells, provided the cells receive a sufficient costimulatory signal via CD28. 33 In vivo protection from aGVHD by rapamycin in a mouse model, 34, 35 however, also abrogated the desired GVT response against a leukemia cell line. 35 Here, superagonistic anti-CD28 stimulation may help to improve the GVT activity of T conv cells cultured in the presence of rapamycin by enhancing their survival 36 because CD28-SA stimulation is superior to conventional costimulation in protecting T cells from apoptotic death. 37 Contrary to the data that have been obtained with rapamycin treatment so far, T cells preactivated with a CD28-SA either in vivo or in vitro triggered a curative GVT response in vivo. Transient aGVHD, which correlated with a break-through expansion of T conv cells in the spleens, but not LNs, of these animals might be a prerequisite for successful lymphoma eradication as it, indeed, seems to be for patients. 1, 3 Lowering the number of nonpreactivated T cells in our model also endowed recipient mice with a survival advantage in comparison to mice without T-cell therapy. This mimics today's clinical practice whereby some patients are, indeed, cured of lymphoma or leukemia by allogeneic BM transplantations. However, because clinicians have to decide on how many T cells to transplant without actually knowing the patient's individual risk of developing severe aGVHD, any protocol reducing the incidence and severity of aGVHD at a given T-cell number, while not abrogating the GVT response, constitutes a major therapeutic advantage.
In summary, CD28-SA preactivation of allogeneic T cells facilitates immunotherapy of hematologic malignancies by reducing aGVHD severity and, at the same time, maintaining GVT activity of the allogeneic T cells.
